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研究 CO2 还原过程如何在电化学界面发生，吡啶如何参与及催化 CO2 的还原反
应。通过系统的实验分析并结合理论计算，我们得到了以下三点结论。1) 吡啶在
多晶 Pt 电极表面、室温常压环境中具有两种不同的吸附构型：一是以吡啶杂环
N 原子与 Pt 成键吸附的吡啶分子（Py），另一种是以杂环 N 和裂解一个 H 原子
的 α-C 同时与 Pt 成键吸附的 α-吡啶自由基（α-Pyl）。2) 该体系中，CO2的还原
过程会生成包括线式与桥式吸附在 Pt 电极上的 CO 物种，而它们是该反应唯一
的还原中间体。通过同位素标记等实验证明 CO 吸附质为 Pt 电极的毒物且会与
吡啶物种相互竞争吸附位点，不能继续被还原为甲酸、甲醇等产物。3) 通过分析

















































Electroreduction of CO2 has become an important research direction toward 
solving the problem of greenhouse gas conversion. However, the efficiency of 
converting CO2 into the fuel molecules or high-value products via the electric or 
renewable energy sources is far below the request of scalable applications due to the 
sluggish reaction kinetics and the complex product distribution. The utilization of novel 
catalysts is crucial to solve these problems, yet the rational design to improve the 
catalytic efficiency is severely hindered by the insufficient knowledge of the working 
mechanism, the reaction intermediates, and the deactivation of the catalytic sites in the 
region of catalyst-medium interface at nanometer scales. Despite that theoretical 
calculations can provide some important information from the possible active 
intermediates to the overall reaction mechanism, there are still many disputes on them 
even for the same catalyst. Therefore, in situ spectroscopic characterization with high 
sensitivity and resolution is indispensable not only to verify the theoretical predictions 
but also to remedy the blind points in the process of mechanism research. 
The Surface-Enhanced Raman Spectroscopy (SERS) technique can in situ 
characterize the adsorption, transformation, and desorption of the reactant, intermediate, 
and product in the electrode-electrolyte solution interfacial area during the 
electrochemical process. SERS is endowed with the ultra-high sensitivity due to the 
surface plasmonic effect on the metallic nanostructure substrate and the high energy 
resolution based on the molecular/material vibrational state transitions. Thus, it can be 
used to qualitatively identify the object of interest and semi-quantitatively analyze the 
interaction between the molecule and the electrode, e.g. the binding strength, the 
adsorption configuration, the surface coverage, etc., under different conditions. 
Moreover, SERS has a time resolution at the few second scale and a spatial resolution 
at the sub-wavelength scale, so it is readily applicable to the study of CO2 
electroreduction process and to validate the rationality of the theory predictions. 
















example to explore how the CO2 reduction proceeds at the electrochemical interface 
through the in situ electrochemical SERS method by which the following three 
conclusions were made. 1) There are two different conformations of pyridine 
interacting with the multicrystalline Pt electrode at the room temperature and the 
ambient pressure. One is the pyridine molecule (Py) binding to the Pt surface by the 
heterocyclic N atom, the other is the α-pyridyl radical (α-Pyl) which dissociates one H 
atom from the α-C and then adsorbs to the Pt surface through both N and α-C atoms. 2) 
In this system, the adsorbed CO in both linear and bridged configurations are the only 
reduction intermediate formed on the Pt electrode under the CO2 reduction condition. 
By means of the isotopic labelling and other experiments, we proved that the CO 
species which compete the adsorption sites with Py, α-Pyl, etc. is the poisoner of the Pt 
surface, therefore, cannot be further reduced to formate and methanol. 3) Through the 
analyses on the potential-dependent SERS spectra of Py, α-Pyl, CO, etc., we 
systematically studied the interactions between the pyridine, CO2, and Pt and 
conceptually described the interfacial structure between the Pt electrode and the 
pyridine-containing electrolyte solution both in the absence and presence of CO2. Based 
on the above work, we evaluated the three main category of mechanisms proposed 
previously base on theoretical calculations in the literature, which are inconformable to 
our results. Therefore, a new mechanism involved the α-Pyl in a special configuration 
and bind strength to the Pt electrode was proposed in this work, where the inefficient 
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的大量排放，除了发展 CO2 封存技术外，更具可持续性发展的思路是发展 CO2
化学转化技术，高效经济地将过剩的 CO2转化成燃料甚至高值化学品，实现碳资
源的循环利用和减缓全球性环境问题。利用可再生光能或电能（特别是后者[1-5]）

















































11-13]、共催化剂[14, 15]和 pH 值[16, 17]等在很大程度上影响了反应的效率和选择性。
而获得高能量效率和高选择性的 CO2电还原催化剂更是该领域重点研究方向。 
近年来，热门的CO2电催化剂包括了各类金属及其氧化物的纳米结构[1, 18-37]、
碳基纳米材料[34, 38-46]、有机小分子和离子液体[47, 48]、及二维材料[49-52]等（图 1.2），
其中二维材料，包括谢毅组发现的超薄部分氧化 Co纳米片[52]及 Asadi 等发展的

















































1.2 吡啶类分子协助催化 CO2还原反应的研究现状 
通常来说，能催化 CO2还原的材料，往往也具有催化析氢反应的活性[6]。对
于单组分催化剂而言，这一矛盾的解决很不容易。若能发展一种复合催化体系，





Bocarsly及合作者报道了在含有少量 Py的水溶液体系中 Pt电极可催化 CO2还原
为 CH3OH 及少量 HCOOH，该反应法拉第效率(FE)约 33%[14]。需要注意到，尽




表 1.1 吡啶催化 CO2还原反应机理的研究现状 
Mechanism Consistent with exp. Inconsistent with exp. Ref. 
The sequential proton-coupled 
electron transfer (PCET) mechanism 








The coupled hydride and proton 
transfer (HTPT) mechanism via the 
dearomatized dihydropyridine 
(PyH2) intermediate. 







The heterogeneous electrocatalysis 
process via hydride transfer of the Pt 
adsorbed H* atom in concert with 
the weak acid PyH+ 
▪ Electrochemical 
kinetics 
▪ Pyridine redox 
▪ Electrode-dependency 
▪ No specificity of 
pyridine, and any acid 
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